ABSTRACT
INTRODUCTION
The process of metastasis involves a restructuring of the cytoskeleton as well as cell-cell and cell-matrix adhesions allowing cells to break away from the tumor mass, invade local tissue, and ultimately spread throughout the body. These effects on cell morphology and adhesion are regulated by members of the Rho GTPase family (1) . Although Rho GTPases have been implicated in human cancer (2), mutation does not appear to be a mode of Rho activation, in contrast to Ras proteins (mutated versions of Ras proteins have been detected in tumors). However, RhoA and RhoC protein levels are significantly elevated in a variety of tumors, especially during progression to more invasive and metastatic forms (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Moreover, microarray analysis of metastasis-inducing genes identified RhoC in an experimental mouse melanoma model (13) . In addition to elevated RhoA and RhoC, increased levels of the Rho effector proteins ROCK I and/or ROCK II were observed in esophageal squamous cell carcinoma (14) and in testicular germ cell (3), pancreatic (15) , and bladder tumors (6) . ROCK II expression was also found to be higher in a metastatic variant of a nonmetastatic rat mammary adenocarcinoma cell line when grown as subcutaneous tumors (16) . Thus, elevated Rho and ROCK expression are associated with tumorigenesis, particularly during the progression to invasive and metastatic phenotypes.
Rho family GTPases are key regulators of many different biological processes including cell motility, and Cdc42, Rac1, and RhoA are the most extensively studied family members (1, 17) . When bound to GTP, these proteins recruit effector proteins that influence the architecture of the actin cytoskeleton. RhoA and RhoC activate the serine/ threonine kinases ROCK I (also called ROK␤) and ROCK II (ROK␣ or Rho kinase; ref. 18) . ROCK activation promotes the stabilization of filamentous actin (F-actin), phosphorylation of regulatory myosin light chains (MLCs), increased myosin ATPase activity, and the coupling of actin-myosin filaments to the plasma membrane, leading to increased actin-myosin force generation and contractility. In fibroblasts grown in tissue culture, RhoA signals through ROCK I and ROCK II to promote the formation of contractile actin-myosin bundles commonly known as stress fibers and focal adhesions leading to increased substrate adherence (19, 20) . However, genetic experiments in Drosophila revealed that elevated Rho signaling in epithelial cells resulted in a loss of epithelial characteristics and increased invasive migratory behavior (21) . These results indicate that the consequences of Rho and ROCK signaling likely depend on cell type and cellular context.
Given the elevated RhoA, RhoC, ROCK I, and ROCK II expression associated with tumor progression to more advanced stages, it has been suggested that Rho and ROCK signaling contribute to the morphologic changes and metastatic behavior of some tumor cells. Tumor cell movement through three-dimensional matrices occurs via two modes, either an elongated protease-dependent ROCK inhibitorinsensitive mechanism or a rounded protease-independent ROCK inhibitor-sensitive mechanism (22) . In vivo studies have also shown that ROCK inhibition reduced the invasiveness of several tumor cell lines (23) (24) (25) (26) (27) (28) . However, the design of these in vivo studies does not necessarily indicate that the tumor cell was the critical inhibitor target; ROCK inhibition may largely block tumor cell invasion by enhancing the barrier function of host cell layers (29, 30) .
To study the effects of ROCK signaling on epithelial tumor cell behavior in vitro and in vivo, we created a conditionally activated form of ROCK II. Retroviral vectors encoding the kinase domain fused to the estrogen receptor hormone-binding domain were constructed, thereby generating ROCK:ER. As a control, mutant ROCK II in which a lysine in the ATP-binding pocket was changed to glycine (K121G) was used to generate kinase-dead KD:ER. HCT116 and LS174T human colon carcinoma cell lines expressing ROCK:ER or KD:ER were established, and we examined in vitro ROCK activity after the addition of 4-hydroxytamoxifen (4-HT). Treatment of ROCK:ER-expressing cells with 4-HT resulted in increased kinase activity, both in tissue culture and in tumors grown in immunocompromised mice. To determine the effects of ROCK activation on established solid tumors and to model the increased ROCK signaling believed to occur at later stages of tumor progression, cells expressing ROCK:ER or KD:ER were grown as subcutaneous tumors to a significant diameter, and then mice were treated either with vehicle control or with tamoxifen to activate ROCK:ER within the tumor cells. When treated with vehicle, cells grew as tightly clustered well-defined nests around blood vessels. In contrast, tamoxifen treatment resulted in increased ROCK:ER kinase activity associated with dramatic tumor reorganization and aggressive spread of tumor cells into the surrounding stroma. Tumors with active ROCK:ER also had an increased number of CD31-positive endothelial cells and an increased density of functional blood vessels. In vitro, ROCK:ER activation resulted in cell contraction, disruption of adherens junctions, projection of actin-rich structures containing ezrin and CD44 from the apical surface, and dissociation of cell clusters leading to increased motility, events not observed in 4-HT-treated cells expressing KD: ER. The 4-HT-induced effects in ROCK:ER-expressing cells were blocked by the ROCK inhibitor Y-27632, indicating that ROCK activity was responsible for the effects on morphology and organization. These results reveal that ROCK activation is sufficient to affect epithelial cell characteristics resulting in tumor cell invasion and angiogenesis in vivo.
containing 5% (w/v) dried milk before immunoblotting. Alternatively, to determine the levels of MLC, phospho-MLC, MYPT1, and phospho-MYPT1, cells were lysed directly in 1ϫ Laemmli sample buffer. Samples were sonicated and boiled for 5 minutes, supernatant was clarified by centrifugation at 16,000 ϫ g for 5 minutes, and an appropriate volume of the sample was electrophoresed and immunoblotted as described above.
Immunofluorescence. Cells were fixed for 15 minutes in 4% (w/v) pformaldehyde (PFA) in PBS and then permeabilized for 15 minutes in 0.5% Triton X-100 in PBS. Primary antibodies as indicated were incubated for 60 minutes, followed by PBS washes and a 60-minute incubation with a corresponding fluorescence-labeled secondary antibody. Actin structures were visualized by staining with Texas Red-conjugated phalloidin (0.5 mg/mL). Confocal laser scanning microscopy was performed using a Bio-Rad MRC 1024 microscope and LaserSharp software (Bio-Rad, Hercules, CA). For ezrin staining, cells were washed with PBS (containing 0.9 mmol/L CaCl 2 and 0.5 mmol/L MgCl 2 ), incubated four times (30 seconds each) with 4-morpholineethanesulfonic acid extraction buffer [50 mmol/L 4-morpholineethanesulfonic acid, 3 mmol/L EGTA, 5 mmol/L MgCl 2 , and 0.5% (w/v) Triton X-100 (pH 6.4)], and then fixed with 3% PFA. Immunofluorescence staining of tumor sections was carried out using rabbit polyclonal ezrin antibody, Texas Redconjugated phalloidin, rat monoclonal CD31 antibody, and the appropriate fluorophore-conjugated secondary antibodies.
In vitro Kinase Assays. KD:ER and ROCK:ER were immunoprecipitated from lysates using 3 g of estrogen receptor ␣ antibody per sample and protein G-Sepharose (Sigma) and assayed for histone H1 kinase activity as described previously (31) . Reaction products were run on an 8% SDS-PAGE gel, transferred to nitrocellulose, and quantified using a Molecular Dynamics Storm PhosphorImager (Sunnyvale, CA). Estrogen receptor fusion protein levels were determined by Western blotting with estrogen receptor ␣ antibody.
Subcutaneous Tumors. Tumor cells (10 6 ) were injected subcutaneously into 4-to 6-week-old male MF1 nude mice. Tumors were allowed to become established and grow to 0.7 cm in diameter (approximately 16 days), and then animals received daily intraperitoneal injections of either tamoxifen (1 mg per injection) or vehicle (corn oil) for 2, 6, or 14 days. Tumors were removed and processed for histochemical analysis, immunofluorescence, and in vitro kinase analysis. For histochemical analysis, excised tumors were fixed in 10% formol saline, and serial sections of paraffin-embedded tumors were stained with hematoxylin and eosin. Microscopy was carried out using a Zeiss Axioplan 2 microscope, and images were collected with a Photometrics Quantix camera and SmartCapture 2 software. For immunofluorescence, tumors were frozen in isopentane, and serial sections (8 m) were cut. Sections were fixed in 4% PFA and permeabilized with 0.5% Triton X-100. After staining with primary antibody, the appropriate fluorescein isothiocyanate-conjugated secondary antibody and Texas Red-conjugated phalloidin were used. For in vitro analysis of kinase activity, tumors were snap frozen in liquid nitrogen. Using a mortar and pestle, tumor samples were crushed into a fine powder and lysed in buffer and assayed as described above.
Tumor Vascularization. Subcutaneous tumors of HCT116 cells were established and grown for 14 days as described above. Tumor-bearing mice received intravenous injection into the tail vein with 150 L of 2 mg/mL Texas Red-conjugated tomato (Lycopersicon esculentum) lectin (Vector Laboratories, Burlingame, CA) in PBS. Ten minutes later, the mice were anesthetized and then perfused with 4% PFA in PBS (pH 7.4) intracardially. For confocal imaging of the vasculature, tumors were excised, embedded in OCT compound, frozen, cut with a cryostat into 60-m sections, and mounted onto microscope slides. Mounted sections were fixed for 15 minutes in 4% PFA, permeabilized in 0.5% Triton X-100, costained with rat monoclonal CD31 antibody and fluorescein isothiocyanate-conjugated secondary antibody, and covered with a coverslip. Images of tumor vasculature were taken with Bio-Rad 1024 confocal microscope and LaserSharp software (Bio-Rad).
RESULTS

Conditional Activation of ROCK:ER by 4-Hydroxytamoxifen.
To produce a conditionally regulated system to study the consequences of ROCK activation, we generated retroviral vectors encoding ROCK:ER and the kinase-dead version KD:ER by swapping the COOH-terminal negative regulatory portion of ROCK II with the estrogen receptor hormone-binding domain (Fig. 1A, hbER) . Specifically, we fused a constitutively active fragment (amino acids 5-553; data not shown) or a kinase-dead K121G mutant to EGFP and to the estrogen receptor hormone-binding domain, which can be stimulated with the estrogen analogs tamoxifen or 4-HT. The ROCK:ER and KD:ER retroviral vectors were each packaged as ecotropic virus and then stably introduced into ecotropic receptor (32) expressing HCT116 and LS174T colon carcinoma cells, which have a relatively low and intermediate level of active RhoA, respectively, relative to other nontransformed and tumor cell lines. 5 Intracellular localization of ROCK:ER, as determined by EGFP fluorescence, appeared to be diffuse throughout the cytoplasm, similar to the localization reported for endogenous ROCK II (33) . To examine 4-HT regulation of ROCK kinase activity, serum-starved cells were treated with or without 1 mol/L 4-HT for 16 hours, lysates from HCT116 and LS174T cells were prepared, and immunoprecipitated ROCK:ER or KD:ER was assayed for histone H1 phosphorylating activity (Fig. 1B, top panel) . ROCK:ER immunoprecipitated from each cell line was responsive to 4-HT, with significant increases in kinase activity; in contrast, KD:ER showed no detectable induction of kinase activity. In the KD:ER-and ROCK:ER-expressing cell lines, the addition of 4-HT only modestly increased fusion protein expression (Fig. 1B, middle panel) , indicating that the principal mechanism of ROCK:ER activation is increased specific activity with a lesser contribution by protein stabilization.
Previous studies have shown that ROCK phosphorylates the regulatory MLC, the myosin-binding subunit (MYPT1) of MLC phosphatase, and LIMKs 1 and 2, thereby influencing the architecture of actin-myosin cytoskeletal structures. Serum-starved LS174T cells expressing KD:ER or ROCK:ER were treated with or without 1 mol/L 4-HT in the presence or absence of 10 mol/L Y-27632 for 16 KD:ER-expressing HCT116 or LS174T Cells Promote Tumor Cell Invasion In vivo. We next investigated the effects of ROCK:ER activation on cells grown as subcutaneous tumors. Nude mice were injected with ROCK:ER-or KD:ER-expressing HCT116 or LS174T cells into the left hind leg; tumors were allowed to establish (ϳ0.7 cm in diameter), and then mice were treated daily by intraperitoneal injection with either 1 mg of tamoxifen or with vehicle control (corn oil) until the tumors reached 1.5 cm in diameter. Tumor size did not differ between tamoxifen-and vehicle-treated mice throughout the course of the experiment (data not shown). Analysis of ROCK:ER kinase activity revealed that tamoxifen treatment induced activity only slightly (1.5-fold) after 2 days (Fig. 2A) . However, after 6 and 14 days of tamoxifen treatment, kinase activity had increased 2.7-fold and 4.5-fold, respectively, above vehicle-treated tumors. The 14 day time point was chosen for subsequent tumor experiments. Western blot analysis showed that ROCK:ER was present in each tumor lysate and immunoprecipitate ( Fig. 2A, bottom two panels) .
Histologic analysis of subcutaneous tumors from vehicle-treated mice revealed that HCT116 cells grew as defined tightly organized clusters around blood vessels, often surrounded by areas of necrosis (Fig. 2B, top left panel) . Gross morphologic analysis showed that the A. Conditionally regulated ROCK II (ROCK:ER) was generated by fusing residues 5 to 553, comprising the kinase domain, and a portion of the predicted coiled coil region, NH 2 -terminally to EGFP and COOH-terminally to the estrogen receptor hormone-binding domain (hbER). A kinase-dead control version (KD:ER) was made by changing Lys 121 to glycine (K121G). PH, pleckstrin homology domain; CRD, cysteine-rich domain. B. Stable HCT116 and LS174T cell lines expressing either kinase-dead KD:ER or ROCK:ER were left untreated or treated for 16 hours with 1 mol/L 4-HT, after which cell lysates were prepared, and estrogen receptor fusion kinase activity was determined in vitro. KD:ER or ROCK:ER was immunoprecipitated with estrogen receptor ␣ antibody from equal amounts of whole cell lysates, verified by Western blotting of lysates for ␤-tubulin (bottom panel), followed by a kinase assay with histone H1 as the substrate (top panel). Fold activation was calculated from the amount of histone H1 phosphorylation in the 4-HT-treated sample relative to the untreated sample. Western blot analysis with the estrogen receptor ␣ antibody revealed similar amounts of estrogen receptor fusion protein were immunoprecipitated in each sample (middle panel (Fig. 2B , bottom panels), although untreated tumors were somewhat more loosely organized, and reorganization induced by tamoxifen was less dramatic. Tumors derived from KD:ER-expressing HCT116 or LS174T cells showed no obvious morphologic changes after tamoxifen treatment (data not shown).
Given that ROCK is a critical regulator of actin-myosin structures, we examined how ROCK:ER affected the organization of F-actin in HCT116 tumors. F-actin was found throughout the tumor, with increased intensity at the edges (Fig. 3A, top left panel) . However, in tumors from tamoxifen-treated mice, F-actin staining was intense throughout the tumor (Fig. 3A, bottom left panel) . We next examined how ROCK:ER activation influenced the distribution and localization of the actin-binding protein ezrin, which binds to membrane proteins, (34, 35) . In addition, the rounded mode of tumor cell motility through three-dimensional matrices that is blocked by ROCK inhibitor is also dependent on ezrin function (22) . Ezrin was diffusely distributed within cells and can be seen most intensely at the tumor periphery in control tumors, with a decreasing expression gradient until the areas around central blood vessels displayed minimal immunoreactivity (Fig. 3A, top middle panel) . After ROCK activation, ezrin staining was more evenly dispersed throughout the section, with a more punctate cellular distribution (Fig. 3A, bottom middle panel) . The merged images (Fig. 3A, right panels) revealed that CD31-positive endothelial cells (colored blue, indicated by white arrows) were found at the center of tumor nests in control tumors but were more densely distributed after tamoxifen treatment. Together, these data indicate that activation of ROCK signaling in vivo is sufficient to promote the dissemination of cells from solid tumors.
Given the increased density of CD31-positive endothelial cells and the decrease in central necrosis in tumors after ROCK:ER activation, 10 6 ) cells were injected subcutaneously into male nude mice. Tumors were allowed to become established (diameter, 0.7 cm), and then the animals received daily injection with tamoxifen (1 mg per injection) or corn oil vehicle (Control) for either 2, 6, or 14 days. Subcutaneous tumors were removed and snap frozen in liquid nitrogen. Tumor lysates were prepared, and ROCK:ER was immunoprecipitated with anti-estrogen receptor ␣ antibody; then in vitro kinase assays were performed using histone H1 as the substrate (top panel). Fold induction was calculated from histone H1 phosphorylation in the tamoxifen-treated samples relative to control at day 2. Western blotting with estrogen receptor ␣ antibody indicates the amount of immunoprecipitated ROCK:ER protein in each sample, whereas Western blotting of whole cell lysate with estrogen receptor ␣ indicates the ROCK:ER expression levels (indicated by the arrow). Blotting for ERK2 was used as loading control in whole cell lysate. B. HCT116 or LS174T cells expressing ROCK:ER were injected subcutaneously and treated as described above. Tumors were collected on reaching 1.5 cm in diameter and fixed in 10% formol saline, and then serial sections of paraffin-embedded tumors were stained with hematoxylin and eosin. Microscopy was carried out using a Zeiss Axioplan 2 microscope, and images were collected with a Photometrics Quantix camera and SmartCapture 2 software. n, areas of necrosis; s, stroma; t, epithelial cells in the tumor mass; v, blood vessels.
ROCK INDUCES ANGIOGENESIS AND TUMOR CELL INVASIVENESS
Research. we examined whether there were greater densities of functional blood vessels. ROCK:ER-expressing HCT116 cells were grown as described in Figs. 2B and 3A , and then on the final day, Texas Redconjugated lectin was injected into the tail vein. After 10 minutes to allow for tracer circulation, mice were anesthetized and perfused with 4% PFA, and tumor samples were processed. As a positive control, liver blood vessel labeling was examined in all animals (data not shown). Consistent with Figs. 2B and 3A, the top panels in Fig. 3B show confocal microscopic images of two independent tumor sections from control-treated mice that neither have extensive CD31-positive endothelial cell staining nor show extensive penetration by the fluorescence-labeled lectin. In contrast, tumors with active ROCK:ER have a higher density of CD31-positive endothelial cells and significantly higher fluorescent lectin infiltration. Notably, lectin penetration traveled beyond blood vessel boundaries as demarcated by CD31 staining, indicating that these vessels were not fully functional barriers against extravasation. These data reveal that in addition to promoting cell dissemination from solid tumors, ROCK signaling contributes positively to tumor angiogenesis.
ROCK:ER Activation Promotes Morphologic and Cytoskeletal Responses.
To ascertain how ROCK:ER induced the striking effects on tumor organization and vascularization in vivo, we examined the consequences of ROCK:ER activation on cell morphology, motility, cytoskeletal structures, and the distribution of adherens junction and focal adhesion proteins. To examine morphology and motility, LS174T cells expressing ROCK:ER were placed in serum-free medium (Fig. 4A, top panels) or in serum-free medium containing 1 mol/L 4-HT for 16 hours (Fig. 4A, bottom panels) , and a phasecontrast microscopic time series was acquired at 1-minute intervals for 12 hours. The untreated ROCK:ER-expressing cells grew as "cobblestone" colonies, with little lateral movement and no evidence of cells breaking free from the colony. In contrast, 4-HT-treated cells had significantly altered morphology; some cells flattened, whereas others rounded. The bonds between cells were reduced, and cells dynamically disassociated and reassociated with neighbors. As a result, some cells moved randomly, either singly or in partnership. These results indicate that ROCK:ER activation facilitates motility by freeing epithelial cells from constraints imposed by adjacent cells.
To determine how ROCK activation affects actin cytoskeletal structures and the distribution of adherens junction and focal adhesion proteins, LS174T cells expressing ROCK:ER (Fig. 4B) or KD:ER (data not shown) were serum starved and then left untreated or treated with 1 mol/L 4-HT, either with or without 10 mol/L Y-27632, for 16 hours and then fixed and stained. Experiments with HCT116 cells were done in parallel, and similar results were obtained (data not shown). In the absence of 4-HT, LS174T ROCK:ER cells grew as epithelial colonies with F-actin structures confined to cortical regions. However, 4-HT altered cell morphology, with significant numbers of cells flattening out and containing thick bundles of actin stress fibers (Fig. 4B, top panels) . In addition, some cells rounded up with actinrich membrane blebs; these blebbing cells had a thick central hub of actin from which stress fibers emanated (data not shown). The induction of actin structures by 4-HT was dependent on ROCK because it could be inhibited by coadministration with Y-27632 and did not occur in KD:ER-expressing cells.
Rho signaling is responsible for regulating adherens junctions between epithelial cells; the Rho effector mDia1 acts to ensure a dynamically stable interface between cells and the maintenance of adherens junction complexes, whereas ROCK activation leads to adherens junction disruption (36) . Adherens junctions are composed of cadherins, transmembrane proteins that physically link together cells, and catenins, which form complexes that tether cadherins to the actin cytoskeleton (37) . Fig. 4B shows that the actin binding ␣-catenin and the cadherin binding ␥-catenin localized to the cell junctions in LS174T cells. The activation of ROCK:ER with 4-HT removed ␣-catenin and ␥-catenin from cell-cell junctions. Y-27632 prevented the 4-HT-induced redistribution, whereas 4-HT was without effect in KD:ER-expressing cells. Consistent with these findings, staining with pan-cadherin antibody revealed that cadherins were similarly removed from cell-cell borders. We were unable to identify which cadherin proteins were redistributed, although LS174T cells do express the archetypal epithelial E-cadherin (38) . The loss of adherens junction proteins from cell-cell junctions likely results from ROCK:ER promoting actin-myosin contractility (36) . Microarray analysis did not reveal changes of gene expression induced by ROCK:ER activation for any of the adherens junction proteins (data not shown).
We also examined focal adhesions in 4-HT-treated ROCK:ER-or (Fig. 4B) . ROCK activation resulted in increased paxillin clustering in focal adhesions, which could be blocked with Y-27632 in ROCK:ER-expressing cells and was not affected by 4-HT in KD:ER-expressing cells.
ROCK Activation Relocalizes Ezrin and CD44. As shown in Fig. 3A , we found that ROCK:ER activation affected localization of ezrin in tumors, a protein that contributes to metastasis (34, 35) . Rho has been reported to regulate the intracellular distribution of ezrin; however, there is disagreement regarding whether it is mediated by ROCK (39, 40) . Using ROCK:ER and Y-27632, we examined whether ROCK regulated ezrin localization. In LS174T cells, narrow optical sections obtained by confocal microscopy revealed that ezrin is localized mainly to small membrane projections that emanate from the basal surface and, to a lesser extent, the apical surface (Fig. 5A) . The addition of 4-HT to ROCK:ER-expressing cells resulted in ezrin redistribution to apical and basolateral surfaces, which was blocked by Y-27632 (data not shown). Ezrin colocalized with F-actin at these membrane projections (data not shown). ROCK:ER activation also promoted the movement of CD44 to the apical surface, where it colocalized with ezrin in membrane projections (Fig. 5B , merged images show CD44 in red and ezrin in green). No changes in ezrin or CD44 expression were detected by microarray analysis after ROCK:ER activation (data not shown).
Ezrin exists in a closed conformation due to inhibitory "head to tail" associations; phosphorylation on Thr 567 and binding of phosphatidylinositol 4,5-bisphosphate to an NH 2 -terminal domain opens and unmasks actin and membrane binding sites (41) . ROCK has been reported to directly phosphorylate ezrin at Thr 567 (40, 42) ; however, we found that 4-HT treatment of ROCK:ER-expressing cells, either alone or in combination with Y-27632, had no effect on Thr 567 phosphorylation (Fig. 6A) . To determine whether alternative Rho signaling pathway(s) regulated Thr 567 phosphorylation, we used a cell-permeable Clostridium botulinum C3 toxin (Tat-C3) to inactivate Rho (31). Tat-C3 modified all detectable RhoA protein, as seen by the mobility shift (Fig. 6A) , but it did not affect Thr 567 phosphorylation. Treatment with 4-HT, with or without Y-27632, did not affect Thr 567 phosphorylation in the context of Rho inhibition. Treatment with staurosporine, a potent and broad specificity serine/threonine kinase inhibitor, reduced Thr 567 phosphorylation, indicating that it was likely phosphorylated by a distinct kinase (Fig. 6B, left panel) . We validated the phosphorylation dependence of the antibody by treating immunoprecipitated ezrin with phosphatase (Fig. 6B, right panel) . These results indicated that ezrin Thr 567 phosphorylation is not mediated by ROCK and that ROCK:ER-induced relocalization is mediated by alternative mechanisms.
Given that ROCK did not regulate ezrin Thr 567 phosphorylation, we examined whether Thr 567 phosphorylation was required for ROCK: ER-induced ezrin redistribution. Vesicular stomatitis virus glycoprotein epitope-tagged wild-type ezrin, as well as nonphosphorylatable T567A and phospho-mimetic T567D mutants, was introduced by retroviral transduction into LS174T ROCK:ER cells. Transduced clones were stained for ezrin localization at the apical surface with anti-vesicular stomatitis virus glycoprotein epitope antibody either with or without 4-HT treatment. In unstimulated cells, wild-type (data not shown) and T567A ezrin (Fig. 6C, top left panel) were diffusely localized with little at the apical surface, consistent with previous reports (43) the phospho-mimetic T567D mutant was constitutively on the apical surface (Fig. 6C, top right panel) . Surprisingly, ROCK:ER activation resulted in the relocalization of wild-type (data not shown) as well as nonphosphorylatable T567A ezrin (Fig. 6C,  bottom left panel) to apical projections. 4-HT did not alter T567D ezrin distribution. These results indicate that ROCK does not contribute significantly to ezrin Thr 567 phosphorylation and that ROCKinduced ezrin redistribution does not require phosphorylation of this site.
DISCUSSION
Accumulating clinical and experimental data suggest that RhoA and RhoC, working through the ROCK protein kinases, contribute to the invasive and metastatic abilities of some tumor cells. ROCK inhibitors, such as Y-27632 or WF-536, have been used in some studies; although these inhibitors are potent and selective, it remains a possibility that additional kinases targeted by these compounds, such as PRK/PKN (44), also contribute to metastasis. In addition, administration of ROCK inhibitors to whole animals may block tumor cell invasion by enhancing the barrier function of host cell layers (29, 30) . Rather than use an inhibitor-based approach, in which one moves away from a positive biological end point, we wished to specifically activate ROCK signaling to determine whether it was possible to move toward a given positive outcome, in this case, increased tumor cell dissemination. In addition, we wished to replicate the increased Rho and ROCK signaling that occurs as a late event during tumor progression. For these reasons, we created the conditionally activated ROCK:ER system, which permitted us to allow tumors to become established and grow before switching on this signaling pathway. In this manner, we were able to determine that activating ROCK in established tumors was sufficient to promote increased filamentous actin structures, redistribution of the actin-binding protein ezrin, and the dissemination of cells from solid tumors into the surrounding stroma. We also found that ROCK activation increased the number of CD31-positive endothelial cells within the tumor, resulting in an increased density of functional, albeit leaky, blood vessels.
We attempted to determine whether ROCK activation induced expression of angiogenic factors. We compared gene expression profiles by microarray analysis of HCT116 and LS174T cells expressing either ROCK:ER or KD:ER, in the absence or presence of 4-HT, to identify ROCK-regulated transcriptional targets. However, no genes common between the two cell lines were specifically induced by 4-HT in ROCK:ER-expressing cells and not in KD:ER-expressing cells (data not shown). We also found no significant effect of ROCK:ER activation on VEGF expression in HCT116 cells grown in tissue culture by enzyme-linked immunosorbent assay or in tumor sections by immunohistochemistry (data not shown). Despite these negative data, we cannot rule out the possibility that Rho and ROCK regulate the expression of angiogenic factors as suggested previously (45) . Alternatively, ROCK activation may passively facilitate angiogenesis by increasing the plasticity of the tumor. By reducing the strength of cell-cell interactions and aiding the movement of tumor cells, ROCK may enable endothelial cells to more easily penetrate the tumor mass once they have been recruited by factors produced in response to hypoxic conditions. We examined whether ROCK:ER activation influenced ezrin distribution because of discrepancies between previous studies (39, 40, 42) and the significant contribution made by ezrin to promoting metastasis (34, 35) . ROCK:ER activation was sufficient to induce the redistribution of ezrin to projections at the apical surface of cells, where it colocalized with the transmembrane protein CD44. We also found that ROCK:ER activation resulted in ezrin redistribution in subcutaneous tumors. Surprisingly, we observed that neither ROCK nor Rho affected phosphorylation of ezrin on Thr 567 , a site in the COOH terminus believed to be critical for converting ezrin from an inactive closed conformation to an active open conformation. Instead, we found that this site was constitutively phosphorylated by a staurosporine-sensitive kinase and that ROCK:ER-induced redistribution of ezrin was not dependent on phosphorylation of Thr 567 . There are a number of possibilities that may account for these results. ROCK may regulate ezrin localization through direct phosphorylation of alternative sites, such as the presumptive PKA site Ser 66 (46) or the CDK5 site Thr 235 (47) . Our attempts to determine whether ROCK influenced Thr 235 phosphorylation were unsuccessful (data not shown). ROCK might also influence ezrin distribution by influencing phosphorylation at alternative sites, such as Tyr 145 , by affecting the activity of other kinases and/or phosphatases (48, 49) . Alternatively, the ROCK:ERinduced ezrin relocalization might be phosphorylation independent (50); instead, it might result from the ROCK-induced redistribution of ezrin-associated proteins such as CD44 or because of changes to actin cytoskeletal structures.
In summary, we have used a conditionally active form of ROCK to examine the consequences of activating this signaling pathway in established subcutaneous tumors. We found that activating ROCK:ER affected the organization of the tumors, with cells dissociated from the tumor mass and significant dissemination into surrounding stroma. We also observed increased filamentous actin, redistribution of ezrin, and greater densities of CD31-positive functional blood vessels. The absence of significant changes in gene expression induced by activation of ROCK:ER suggests that the positive effects on tumor invasion and angiogenesis are due to direct changes in cytoskeletal regulation, and not to the activation of a transcriptional program These results suggest that the increased levels of RhoA, RhoC, ROCK I, and ROCK II observed during tumor progression are likely selected for in order to enhance certain tumor properties that allow continued tumor growth, namely, reduced associations between tumor cells that permit movement and the penetration of the tumor mass by endothelial cells and consequent neovascularization. These results indicate that inhibiting ROCK function would be an efficacious chemotherapeutic strategy that would target both tumor metastasis and angiogenesis.
